Abstract: Water repellency resulting from waxy coatings around soil particles causes significant crop and pasture losses. Bioremediation of these soils using inoculation of wax-degrading bacteria was investigated under field conditions. In a small scale experiment without any additional nutrients or soil conditioners, 2 inoculants (Rhodococcus sp. and Roseomonas sp.) out of 7 resulted in significant improvements in water infiltration. A larger scale experiment had compost and fertiliser applied to support inoculants in nutrient-poor sands and lime was added to half the treatments. There were 6 different inoculants and their mixtures. One inoculant (Mycobacterium sp.) significantly reduced water repellency on its own. However, the addition of lime produced a significant "inoculant by lime" interaction, and limed treatments with each of the 5 individual cultures of Rhodococcus spp. and a mixture containing the 5 cultures of Rhodococcus spp. and 1 culture of Mycobacterium sp. all resulted in significant reductions in water repellency when compared with their non-limed counterparts and controls. Lime alone (1 t/ha, 70% neutralising value) produced a small but significant benefit compared with the non-limed control. The results indicate that there is potential to increase soil wettability through increased activity by wax-degrading bacteria.
Introduction
Water repellency, which affects > 5 million hectares of western and southern Australia, is mostly associated with siliceous sands . Repellency causes uneven infiltration of water into soil (Ritsema et al., 1997) and this reduces crop and pasture yields through uneven and delayed germination, poor stand establishment, and increased risk of erosion from wind and water (Bond, 1964; King, 1981; Tate et al., 1989) . Water repellency is primarily caused by a skin around soil particles of waxes consisting of branched and unbranched C 16 to C 36 fatty acids, and their esters, alkanes, alcohols, and sterols (Roberts & Carbon, 1972; Ma'shum et al., 1988; Franco et al., 1995 Franco et al., , 2000 Morley et al., 2005) .
Kaolinite has been used successfully to ameliorate water repellency Blackwell, 1993; Ward & Oades, 1993; McKissock et al., 2000 McKissock et al., , 2002 Lichner et al., 2006) , but large amounts (100 t/ha) are required (Blackwell, 1993) and therefore this strategy is only economic if clay occurs on site. Wetting agents (surfactants) are effective in increasing water infiltration, but they are costly and their use is limited largely to turf grass (Wallis & Horne, 1992) , although increases in barley and lupin yields have been achieved in broadacre cropping systems when wetting agents have been applied as a band in furrows above the seed (Blackwell pers. comm.) . Roper (2004) proposed a biological approach to managing water repellency and isolated a range of bacteria including actinomycetes that are able to utilise waxes as sole carbon sources. Recently, Roper (2005) reported that the addition of lime to sands in field experiments reduced water repellency and increased the numbers of wax-degrading bacteria in the soil. In an alternative strategy, inoculation of water repellent soils with selected wax-degrading bacteria under controlled laboratory conditions resulted in significant improvements in soil wettability (Roper, 2004) . This concurs with a report by Hallett et al. (2006) who found that a basidiomycetes fungus reduced water repellency when applied to soil. Further testing of some of our bacterial isolates inoculated into water repellent sandy soils in south-western Australia is reported here. In these field experiments, water repellency was monitored in soils inoculated with a range of wax-degrading bacteria both individually and in mixtures. Two levels of lime were superimposed to determine "inoculant by lime" interactions.
Material and methods
Water repellency was measured using the MED test (KING, 1981) . Details of the procedure and rationale are described in ROPER (2005) . Soils range from wettable (MED = 0) to severely water repellent (MED ≥ 4). A soil that is moist on collection may be potentially water repellent if after drying it resists water infiltration and has a positive MED. Experiment 1. Inoculation in the field -small scale A site at Anketell ∼20 km south of Perth (31
• 57 S, 115
• 51 E) in Western Australia was chosen for a small-scale trial to test the effect of inoculation of wax-degrading bacteria on the water repellency of sandy soils. At this site the soil was a water repellent (MED = 2.8), deep white sand coloured grey at the surface due to organic matter (Uc1.2; NORTHCOTE et al., 1975 ) with a pH in CaCl2 (0.01M; 1:2) of 4.8. In order to separate each treatment, metal boxes (0.5 m × 0.5 m and 0.12 m deep) were inserted into the soil so that ∼20 mm remained above ground. Soil cores (25 mm diameter × 50 mm depth) were collected from within the boxes to determine the baseline MED prior to inoculation on 2 June 1993. Seven separate cultures, described by ROPER (2004), were used in this experiment: 1 culture of Roseomonas sp. • C on a New Brunswick incubator shaker (Innova 4300) until a heavy growth was observed. Afterwards, the cultures were concentrated by centrifugation at 6000 g for 20 minutes. The supernatant was removed and the pellet of culture was suspended in sterile distilled water (150 mL per culture) which was applied evenly to the soil in a box. There were 3 replicate boxes for each culture. To another set of 3 boxes 150 mL of distilled water only was applied (non-inoculated control). At fortnightly to monthly intervals following inoculation, a soil core (25 mm diameter × 50 mm depth) was collected from each box and prepared for measurement of MED. There were 12 sampling dates from just prior to setup on 2 June 1993 to 15 June 1994. Three months after inoculation, an additional soil core was collected to assess the recovery of the inoculants by spreading a small amount of soil (∼0.1 g) on the surface of agar plates containing the same constituents as the GMS medium used to grow the organisms. Plates were incubated at 30
• C and growth, based on colony characteristics, after 10 days was observed.
During the course of the experiment, spray irrigation was used to provide an even supply of water throughout the year. The site was located in a Mediterranean climate with a winter rainfall pattern. In the dry summer months an average of 14 mm/day was applied in a 1-h timeframe. During the winter months the amount of spray irrigation was reduced to supplement rainfall. Soil within the boxes was maintained free of weeds during the experiment.
Experiment 2. Inoculation in the field -large scale A site near Woogenellup (34
• 31 S, 117
• 50 E) in southwestern Australia was chosen for a large scale evaluation of inoculation of wax-degrading bacteria in the field. The soil was a shallow bleached sand underlain by ironstone gravel within 10 cm of the soil surface (Uc2.12; NORTHCOTE et al., 1975) . The soil had a pH in CaCl2 (0.01M; 1:2) of 5.2 and was highly repellent (MED 3.7-4.0, with an average of 3.9). Prior to the experiment, the site was sown to Serradella (Ornithopus sativus cv. Cadiz), sown May 1999. The plots were 20 m × 13.3 m and each treatment was separated from each other by a 2 m buffer. Prior to inoculation with wax-degrading bacteria in September 1999, nutrients were applied to the entire site. Mineral fertilizer (DAPSZC; Summit Fertilizers) were applied at a rate (kg/ha) N (13.8), P (14.9), S (6.8), Cu (0.04), Zn (0.12), Mn (0.016) and Mo (6.4 ppm) and Premium Compost (Custom Composts, Nambeelup, Western Australia) was applied at 2 t/ha. In order to raise the Ca 2+ content, agricultural lime (Bornholm AGLime, Western Australia) (neutralising value 70%) was applied at a rate of 1 t/ha to half the plots.
The cultures were grown for 5-7 days in 2 litres of GMS medium described above in Experiment 1. A total of six cultures of actinomycetes, five cultures of Rhodococcus spp. (66b, 73a, 73ww, 83ww1, 85b) and one culture of Mycobacterium sp. (74b) were inoculated individually or in a mixture to the soil. Each inoculant treatment was replicated 12 times, 6 with lime applied to the soil and 6 without lime. 60 mL of concentrated culture suspension was used for each plot (equivalent to 2.25 L/ha of concentrated microbial suspension) and was diluted (∼1/40) with water prior to spraying onto the soil. The mixture of inoculants was prepared proportionately to give the same overall concentration of inoculant as the individual treatments. At the time of spraying, microbial samples from the spray were collected for plate counting the inoculants. Serial (decimal) dilutions to 10 −8 were done in sterile distilled water and 0.3 mL of each dilution was spread on GMS agar plates, incubated at 30
• C and read at 10-14 days.
From the time of inoculation, soil cores (25 mm diameter × 50 mm depth) were collected from each plot and water repellency (MED) was determined for each core as described above. There were 9 sampling dates from the day of inoculation on 15 September 1999 to 2 August 2000. An additional core was collected from each plot for determining the survival of inoculants. These samples were air dried for a minimum of 2 days and heated at 100
• C for 1 h to eliminate non-spore forming bacteria and select for actinomycetes. Further selection for actinomycetes was done using Bacillus phage prepared from soil collected from the field site, using the method described by KURTBÖKE et al. (1992) . Heat-treated soil (1 g) was added to 99 mL of sterile distilled water containing 3 mL of Bacillus phage and mixed on a rotary shaker (Innova 4300) at 130 rpm and 28
• C for 1 h to facilitate infection and lysis of Bacillus spp. by the phage. Serial dilutions (decimal) to 10 −4 were done in sterile distilled water and 0.3 mL of each dilution was spread on the surface of GMS agar plates containing the fungicide BenlateR (50 mg/L; Du Pont) to control fungal growth and on the same agar medium without glucose or Benlate (YMS). The plates were incubated at 28
• C for up to 28 days after which growth of inoculants was observed.
The results were analysed using the statistical package Genstat (version 8.2, Lawes Agricultural Trust, Rothamsted Experiment Station, UK). A repeated measures ANOVA was used for each experiment with fixed-effect factors of "inoculant" (Experiment 1) and "inoculant" and "lime" (Experiment 2). 
Results
Experiment 1. Inoculation in the field -small scale In this experiment, a repeated measures ANOVA of measurements made over 12 sampling dates between 2 June 1993 and 15 June 1994 indicated a significant inoculant effect (P < 0.001). Water repellency, averaged over the life of the experiment to take account of seasonal variation, is presented in Fig. 1 . Of the seven inoculants only two resulted in significant reductions in water repellency (Rhodoccocus sp. 66b; Roseomonas sp. 5b). When soils were plated 3 months after inoculation of the soil, 6 of the 7 inoculants were recovered based on colony appearance but Nocardia sp. (36a) was not present.
Experiment 2. Inoculation in the field -large scale Plate counting of the microbial suspension prior to spray inoculation, indicated that the numbers/ha equivalent of bacteria applied to each plot in the inoculated treatments ranged from 10 9 (73ww, 83ww1), 10 10 (66b), 10 11 (74b), 10 12 (73a, 85b). In soil samples collected at various intervals after inoculation in September 1999, inoculants were detected in October and November 1999 (Tab. 1), but by March 2000 only 2 (Rhodococcus sp. 73ww and 83ww1) were detected.
The impact of inoculants and lime application on water repellency averaged over the life of the experiment is shown in Fig. 2 . A repeated measures ANOVA of data collected on 9 sampling dates between 15 September 1999 and 2 August 2000 indicated significant (P < 0.001) effects of "inoculant", "lime application" and "inoculant by lime" interaction. Without the application of lime, only one inoculant (Mycobacterium sp. 74b) significantly reduced water repellency compared with the non-inoculated, non-limed control. However, there was a strong "inoculant by lime" interaction and, compared with their non-limed counterparts, lime application resulted in significant reductions in water repellency in treatments inoculated with Rhodococcus spp. (73ww, 66b, 73a, 83ww1, 85b) and the mixture. Only a small reduction in repellency resulting from lime application was seen with 74b compared with the non-limed inoculated treatment. Lime application alone significantly reduced water repellency in the non-inoculated control.
Remediation of water repellent soils
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Laboratory experiments under controlled moisture and temperature, reported by Roper (2004) , indicated there was potential for remediation of water repellent soils by inoculation with wax-degrading bacteria. She measured a decrease in water repellency from a MED of 2.7 down to 1 with one isolate (73ww; Rhodococcus sp.) and a lesser improvement with another Rhodococcus sp. (66b) and a Mycobacterium sp. (74b). This led to field experiments, reported here, to further evaluate the impact of wax-degrading inoculants on water repellency.
In Experiment 1 at Anketell, only 2 inoculants (Rhodococcus sp. 66b; Roseomonas sp. 5b) resulted in significant improvements in wettability compared with the non-inoculated control (Fig. 1) . Each individual plot was small (contained in boxes 0.5 m × 0.5 m) and variability in the results was high (l.s.d. P 0.05 = 0.27).
In the much larger Experiment 2 at Woogenellup, water repellency was very even across the whole site and inoculants were applied at heavy rates (equivalent to 10 9 -10 12 /ha). Compost and fertiliser were applied to support the inoculants in the nutrient-poor sands. Because actinomycetes were identified as the predominant group of wax-degrading bacteria in water repellent soils (Roper, 2004) , lime was added to half the plots to raise pH and Ca 2+ content to favour actinomycetes (Alexander, 1977) . This led to a significant "inoculant by lime" interaction (P < 0.001) resulting in significant reductions in water repellency with all limed treatments containing 5 individual inoculants of Rhodococcus spp. and their mixture including Mycobacterium sp. (Fig. 2) . Only 1 inoculant (Mycobacterium sp. 74b) significantly improved soil wettability without lime. Lime was applied at a very low rate (1 t/ha, 70% neutralising value), but considered alone, there was a significant difference between limed and non-limed soils. This concurs with results reported in Roper (2005) in which it was shown that, compared to untreated soils, the application of lime resulted in 1) a more rapid and sustained decline in water repellency following the commencement of the winter rains after the dry summer season, and 2) an increase in the size of populations of naturally-occurring wax-degrading bacteria.
In the field experiments reported here there was common agreement with the laboratory experiments reported by Roper (2004) in which actinomycetes belonging to Rhodococcus spp. and Mycobacterium sp. were successful in reducing water repellency in soil. These organisms are known for their ability to metabolise a wide range of organic compounds as sole carbon sources for energy and growth (Williams et al., 1989; Walter et al., 1991) . Furthermore, measurements of surface tension in the growth medium of these bacteria indicated that all of them produced biosurfactants (Roper, 2004) . Biosurfactants emulsify hydrocarbons from soil surfaces and improve the efficiency of microbial degradation (Van Dyke et al., 1993) . Actinomycetes are particularly at an advantage in soils because they form spores or resting stages that allow them to survive dry heat up to 110
• C (Nonomura & Ohara, 1969; Rowbotham & Cross, 1977) . Despite this, the benefits in the field were much less than observed in the controlled laboratory experiments. Under field conditions inoculants introduced to bulk soil are subject to wetting and drying, large fluctuations in temperature and to competition from existing microbial populations. In Experiment 2 at Woogenellup, recovery of inoculants on agar media, based on colony appearance, was monitored over the first few months following spray-inoculation. Inoculants (particularly Rhodococcus spp.) were detected throughout the spring and early summer (mid-October to mid-December 1999). After the hot dry summer, typical of the Mediterranean climate of the region, only 2 inoculants (Rhodococcus spp; 73ww and 83ww1) were observed by late March 2000 (Tab. 1).
The results indicate that, although inoculation of field soils with wax-degrading bacteria significantly reduced water repellency, the benefit was relatively small and unlikely to be economic. Better results may have been achieved at the Woogenellup site had the soils been inoculated earlier in the year at the time of the first rains after the dry summer season. Warmer soil temperatures at that time followed by winter rains may have resulted in more rapid and sustained microbial activity by the inoculants. Repeated inoculation on an annual basis may also provide further benefits.
To conclude, this paper is the last of a series of articles describing the potential for soil microorganisms to reduce water repellency. Roper (2004) isolated, from a range of sources, bacteria that are able to utilise waxes as sole sources of carbon. Some of these isolates, belonging to the actinomycetes (2 isolates of Rhodococcus spp. and 1 of Mycobacterium sp.), significantly reduced soil water repellency in controlled laboratory experiments. Roper & Gupta (2005) developed a method to enumerate these bacteria in soil. Two approaches to utilising these bacteria to remediate water repellent soils were evaluated:
1. Inoculation of water repellent soils with the most effective wax-degrading bacteria; 2. Use of managements to promote populations of naturally-occurring, wax-degrading bacteria.
Inoculation of water repellent soils, described in this paper, produced significant reductions in water repellency at 2 different sites. Rhodococcus spp. were the most successful inoculants overall. However, although statistically significant, improvements in wettability were relatively small, and the costs of production and application of the inoculant would likely outweigh the benefits. The addition of small amounts of lime (1 t/ha, 70% neutralising value) interacted favourably with inoculation and significantly increased soil wettability. More detailed studies on the impact of manage-S362 M. M. Roper ment practices on water repellency (Roper, 2005) indicated that the application of lime (3-5 t/ha) to water repellent soils increased the size of naturally-occurring populations of wax-degrading bacteria by up to an order of magnitude and, compared with non-limed controls, resulted in significant and substantial reductions in water repellency in the field for at least 4 years. Application of lime is simple and economic, and has other benefits such as raising soil pH to levels that are more suitable for microbial function in the soil and for plant growth. In this same study, it was shown that irrigation of water repellent soils maintained soil moistures at levels favourable for microbial activity and resulted in sustained reductions of repellency over time.
These studies show that there is considerable potential to increase soil wettability through increased microbial activity by wax-degrading bacteria. Managements that increase wax-degrading activity by populations of naturally-occurring bacteria are likely to be more practical and economic than inoculation with selected wax-degrading bacteria. Bioremediation of water repellent soils provides an alternative approach to other more expensive strategies such as wetting agents or claying which may also be excluded if clays are unavailable on site.
